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ABSTRACT

PURPOSE: Thin-flap keratomileusis is a procedure that
minimizes LASIK flap thickness to preserve both the cor-
neal epithelium and the maximum residual stroma. This
study investigated the usefulness of optical coherence
tomography (OCT) as a tool in guiding the femtosecond
laser in the creation of a thin flap in human eyes in a
non-randomized case series.

METHODS: In a private research laboratory, an in vitro in-
vestigation was performed on human autopsy eyes. Five
human cadaver eyes, unsuitable for transplantation, un-
derwent flap creation with a femtosecond laser. The laser
procedure was controlled in real-time with an OCT sys-
tem (Thorlabs HL AG) to ensure that the cut was placed
just underneath Bowman'’s layer. The repetition rate of
the femtosecond laser was 10 MHz with a single-pulse
duration of <400 femtoseconds (pulse energy in the nJ
range). As a control, all eyes underwent histological dis-
section and were examined using light microscopy.

RESULTS: Video monitoring of the flap creation sup-
ported the feasibility of real-time OCT monitoring of the
femtosecond laser flap creation process. A clear distinc-
tion of the corneal epithelium was possible in all eyes.
Bowman'’s layer was not identified in all donor eyes at
the given resolution of the OCT device used in this study.
Light microscopy demonstrated flaps approximately
50-um thick, confirming that the real-time monitoring
assured a positioning of the cutting plane at minimum
distance underneath Bowman'’s layer.

CONCLUSIONS: This study of five human cadaver eyes
shows that real-time OCT monitoring of the creation of
thin-flaps in LASIK using a femtosecond laser is possi-
ble, thus ensuring that the flap is created at the desired
depth. [J Refract Surg. 2010;26:57-60.]
d0i:10.3928/1081597X-20101215-09

he biomechanical stability of the cornea following
excimer laser ablation depends on the thickness of

I the residual corneal bed. Therefore, biomechanical

stability is believed to be better after photorefractive kera-
tectomy (PRK).! Laser in situ keratomileusis (LASIK) has the
advantage of being less painful, faster in visual recovery, and
associated with mild wound healing activity compared to
PRK, as the corneal epithelium with its basal membrane is
preserved during surgery and remains vital afterwards. How-
ever, there is substantial individual variance in the thickness
of the epithelial layer.??® Therefore, a system that would en-
able the surgeon to visualize the area of laser tissue interac-
tion during femtosecond laser use is desirable.

In this experimental study on human donor eyes, an opti-
cal coherence tomography (OCT) system was combined with
femtosecond laser to determine whether real-time OCT could
be used to control LASIK flap creation.

The experimental femtosecond laser system used in this
study delivers pulses in the nJ energy range to the eye and
uses MHz repetition rates, leading to a cutting process that is
confined by the focal spot size of the laser pulse. Because of this,
the laser can be set at a closer distance to Bowman’s layer.* The
resulting gas bubbles are smaller and do not merge, which
reduces the likelihood of a vertical breakthrough, even when
the cutting plane is set below Bowman'’s layer.

MATERIALS AND METHODS
In a private research laboratory, an in vitro investigation
on human autopsy eyes was performed. A larger series of por-
cine eyes and five human donor eyes, unsuitable for trans-
plantation, underwent LASIK flap creation with a femtosec-
ond laser. All human eyes had some stromal and epithelial
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Figure 1. Control interface for monitoring the surgical procedure with an optical coherence tomography image of the cornea. The dark areas on the
top left and right indicate separation of the flap beneath Bowman's layer by a residual gas bubble.

edema present, but the details of the anterior chamber
structures were visible.

The eyes were fixated by placing them cornea down-
ward on an applanation window of the experimental
set-up and then secured by a ring-like holder. Applana-
tion was achieved by applying slight downward pres-
sure on the posterior of the globe. Once the eye was
fixed on the applanation mask, it was ensured that the
OCT (Thorlabs HL AG, Liibeck, Germany) and video
camera delivered an adequate image of the cornea. The
OCT system operates at a wavelength of 930 nm and has
a spatial resolution of 6.2 pm axial and 9.2 pm lateral.
The acquisition time of the OCT system was 10 frames
per second.

The femtosecond laser used (T-Pulse 200; Ampli-
tude Systemes, Pessac, France) had a wavelength of
1030 nm, a repetition rate of 10 MHz with a single-
pulse duration of 250 to 400 femtoseconds, an average
power of 200 to 400 mW, and a single-pulse energy of
10 to 50 nJ.

All beam paths, the femtosecond laser, the OCT
signal, and the video signal were aligned collinear by
dichromatic mirrors. In OCT mode, the interface of
the computer control enables the surgeon to preset
the laser-cutting plane at any desired position within
the anterior stroma. For the purpose of this study, the

femtosecond laser cut was set underneath the inter-
face of epithelium and stroma at a distance of 15 pm.
Flaps were created using a raster pattern. The entire
applanated cornea was not visualized with OCT—
only the area around the laser tissue interaction zone
was under visual real-time control with the OCT de-
vice. It was necessary to adjust the depth of the flap
only once at the beginning of the cutting process. No
other adjustments were necessary at the chosen depth
of the laser setting.

After flap creation, the cutting plane could be iden-
tified based on the bubble layer. This induced bubble
layer was less pronounced compared to bubble lay-
ers seen with commercially available femtosecond
lasers and dissipated within 1 to 3 minutes. Flap lift
was done with a pinpoint, blunt spatula and then re-
positioned. The histological samples were taken near
the greatest diameter of the flap, perpendicular to the
cutting plane. Although the femtosecond laser pulses
were applied at a high repetition rate (10 MHz), there
were no signs of thermal or mechanical damage in the
tissue layers adjacent to the cutting plane.

RESULTS
Once the corneal layers were identified on the sys-
tem’s OCT image, the cutting plane could be adjusted.
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The cutting process could be
monitored in real-time on the
OCT image. This ensured that
the preset flap thickness was
maintained and that no per-
foration had occurred during
the flap cut. The merging gas
bubbles, induced by the femto-
second laser interaction, were
noted in all procedures. In no
eyes did the gas bubbles break
through the anterior corneal
lamellae and Bowman’s layer.
The gas underneath the flap led
to a clear distinction of the stage
of the surgical procedure and
was also monitored in real-time
during the surgical procedure
(Fig 1).

The video monitoring of the
laser process supported the fea-
sibility of the concept of real-
time monitoring via OCT. A

clear distinction of the corneal
epithelium was possible in all

Figure 2. Histological processing with toluidine blue of a human donor eye after thin-flap keratomileusis
using an optical coherence tomography—guided femtosecond laser. Black numbers show total flap thick-

eyes. In some eyes, Bowman’s  ness; white numbers show the distance from the cut to Bowman’s layer in microns.

layer could not be clearly visu-

alized due to the previously mentioned edema. How-
ever, the transition between epithelium and stroma
(Bowman'’s layer) could be identified, which provides
sufficient evidence for the cutting plane.

Dissection and lifting of the flap were possible in
all eyes. All flaps were intact; no perforation occurred
in any procedure. Light microscopy of the histologi-
cal samples (taken from a mid-periphery section of
the flap) confirmed the position of the cutting plane
at minimum distance beneath Bowman’s layer in the
five cadaver eyes. Flap thickness was controlled on the
histological processings and confirmed the operative
settings of 505 pm (Fig 2).

DISCUSSION

Commercially available femtosecond lasers, such as
the IntralLase FS Femtosecond Laser (Abbott Medical
Optics [AMO], Santa Ana, Calif), have demonstrated
that it is possible to cut corneal flaps with a higher de-
gree of precision compared to mechanical microkera-
tomes.>® With a standard deviation in the range of ap-
proximately =5 to 10 pm, the Intralase laser enables
the surgeon to safely and predictably cut flaps as thin as
90 to 100 pm.” This thickness takes an estimation of the
epithelial layer and Bowman’s layer into account but
does not provide a patient-specific measurement.

The corneal epithelium is not uniform in thickness.??3
Only a central measurement would not be appropriate
on which to base the ablation depth. Therefore, visual
diagnostic control of the layers of the treated cornea
should encompass the entire treatment zone.

We present results of a principle study of OCT-guided,
femtosecond laser LASIK flap creation in human cadaver
eyes with closer distance to Bowman'’s layer. Prior to
the experiments on human eyes, 2 years of work was
necessary to develop the experimental set-up and ex-
tensive work was done on fresh porcine eyes.? In this
trial, we could measure the thickness of the epithe-
lial layer but determining the thickness of Bowman’s
layer was difficult due to the axial resolution of 6 pm
compared to the typical thickness of 10 to 20 pm for
Bowman'’s layer. Although one could add the typical
thickness of Bowman’s layer to the epithelial layer
when defining the cutting depth, a higher axial resolu-
tion of the OCT would be helpful to determine Bow-
man’s layer more accurately. The spatial resolution
of OCT measurements depends on the width of the
spectrum of the light source, the numerical aperture of
the focusing optics, and the measurement time. Recent
laboratory-based OCT systems have a resolution of bet-
ter than 3 pm and a data acquisition time of better than
100 Hz per frame.® This shows that, in principle, there
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is no technical limitation to have sufficient control of
the laser cut with OCT technology.
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